We studied whether combined pressure and transesophageal ultrasound monitoring is feasible in the intensive care unit (ICU) setting for global cardiovascular hemodynamic monitoring [systemic vascular resistance (SVR) and total arterial compliance (C PPM)] and direct estimation of local ascending and descending aortic mechanical properties, i.e., distensibility and compliance coefficients (DC and CC). Pressurearea data were fitted to the arctangent Langewouters model, with aortic cross-sectional area obtained via automated border detection. Data were measured in 19 subjects at baseline, during infusion of sodium nitroprusside (SNP), and after washout. SNP infusion lowered SVR from 1.15 Ϯ 0.40 to 0.80 Ϯ 0.32 mmHg ⅐ ml Ϫ1 ⅐ s (P Ͻ 0.05), whereas C PPM increased from 0.87 Ϯ 0.46 to 1.02 Ϯ 0.42 ml/mmHg (P Ͻ 0.05). DC and CC increased from 0.0018 Ϯ 0.0007 to 0.0025 Ϯ 0.0009 l/mmHg (P Ͻ 0.05) and from 0.0066 Ϯ 0.0028 to 0.0083 Ϯ 0.0026 cm 2 /mmHg (P Ͻ 0.05), respectively, at the descending, but not ascending, aorta. The Langewouters model fitted the descending aorta data reasonably well. Assessment of local mechanical properties of the human ascending aorta in a clinical setting by automated border detection remains technically challenging.
LEFT VENTRICULAR SYSTOLIC function and cardiac output are determined by left ventricular preload, contractility, afterload, and heart rate (HR). Therefore, assessment of cardiovascular hemodynamic function should include these determinants. Transesophageal echocardiography is increasingly being used for patient monitoring in the operating room and intensive care unit (ICU). Interestingly, these patients often have a pressure catheter in the aorta for pressure monitoring. The simultaneous availability of ultrasound imaging modalities and intra-arterial pressure potentially allows for the online and in situ assessment of most determinants of cardiovascular function.
The main determinants of arterial afterload are systemic vascular resistance (SVR) and total arterial compliance, reflecting the steady and main pulsatile component of arterial load, respectively (18, 21, 24) . Both are derived from aortic pressure and flow; therefore, they can be monitored in the clinical setting as described above.
In addition to the aforementioned global afterload parameters, transesophageal echocardiography in conjunction with arterial pressure monitoring has the potential to assess local mechanical characteristics of central vessels via the construction and analysis of pressure-area or pressure-diameter curves (3, 4) . It is well established that large artery elastic dysfunction is an important cardiovascular risk factor (1, 28) . Reduced arterial compliance leads to an increased systolic pressure and pulse pressure (PP) and, consequently, an increased load to the heart. Because Ͼ60% of the total arterial compliance resides in the ascending and thoracic aorta, determining the regional compliance of the thoracic aorta and its changes can be useful in determining left ventricular afterload with regard to the pulsatile nature of the circulation (15, 16, 34) .
In this study, we aimed to obtain pressure and area data simultaneously. These data were then fitted to the so-called arctangent model described by Langewouters et al. (15, 16) to determine static and dynamic elastic properties of the thoracic aorta in vivo. To the best of our knowledge, this is the first time that the Langewouters model has been applied in vivo. To induce changes in elastic properties, we infused sodium nitroprusside (SNP), which is known to change elastic properties of the thoracic aorta. In this study, all analysis was done offline. The measurements were done at baseline (BL), after infusion of SNP, and after washout (WO) of SNP.
METHODS

Patients
The subject group consisted of postoperative patients after coronary artery bypass grafting. None of the patients suffered from any form of valvular pathology. The aortic valve was carefully examined for aortic valve area determination. Patients with minimal aortic insufficiency or stenosis (maximal pressure gradient Ͼ10 mmHg), as well as patients suffering from overt regional wall motion abnormalities or hemodynamic instability, were excluded. In the presence of symptomatic peripheral vascular disease, it was considered too dangerous to perform catheterization of the femoral artery with a widebore sheath; therefore, these patients were excluded. The institutional Ethics Committee on Human Research approved the study protocol, and written informed consent was obtained on the day before surgery in every case.
Data Acquisition
After the patients were admitted to the ICU, a sheath was introduced into the femoral artery, through which a 6-Fr fluid-filled pigtail catheter was advanced in the aorta for blood pressure measurements. Transesophageal echocardiography was performed with an omniplane 6-MHz echoprobe connected to an echocardiograph (Sonos 2500, Hewlett-Packard, Andover, MA). Positioning of the catheter was verified by means of echocardiography. Custom-made software (Vision Bloodflow) enabled simultaneous acquisition of echo images and blood pressure.
Recordings were made in three consecutive hemodynamic situations: 1) at BL, representing the postoperative hemodynamic condition of the patient, 2) after 20% reduction of mean arterial pressure by continuous infusion of SNP, and 3) after cessation of SNP infusion and restoration of mean blood pressure to BL levels or higher (WO).
Each recording sequence consisted of four images. 1) From a transgastric midpapillary short axis (26) plane, at least four beats were recorded simultaneously with blood pressure measurements at the level of the aortic valve. 2) With use of continuous-flow Doppler, blood flow over the aortic valve was acquired from a deep transgastric long-axis view (26) while blood pressure was recorded simultaneously in the proximal ascending aorta. 3) With use of automated border detection (also termed acoustic quantification), area changes of the ascending aorta in a midesophageal short-axis plane (26) were recorded. Acoustic quantification permits the automatic delineation of the aortic intima vs. blood. This technique was validated in humans in 1994 by Lang et al. (14) . The pressure catheter was pulled back until it disappeared from the scanning plane to avoid interference with the area measurements. 4) By rotating the probe ϳ180°, without changing the depth of the probe, the descending aorta could be visualized. The tip of the probe was flipped up and down to ensure visualization of the minimal cross-sectional area of the descending aorta, measured with automated border detection. As a consequence, visualization occurred perpendicular to the long axis of the descending aorta. The area changes of the descending aorta in a short-axis plane (26) were again recorded by means of automated border detection. Blood pressure was recorded simultaneously after the catheter was pulled back until it disappeared from the imaging plane. All recordings were made in apnea to avoid respiratory variation of stroke volume (SV) and blood pressure. All patients were curarized with cis-atracurium (Nimbex) to ensure apnea. All data were stored in a spreadsheet file format for further offline analysis.
Data Analysis
Indexes derived from aortic pressure and flow data. Echographic data were saved as Windows bitmap files and analyzed offline with customized applications written in Matlab (Mathworks, Natick, MA). The bitmaps were calibrated using the time and velocity information displayed in the echocardiographic image, and maximal velocity contours were manually traced and resampled at 200 Hz to match the pressure-sampling frequency. The velocities were multiplied by the mean aortic valve cross-sectional area to obtain aortic flow or SV. These flow traces were then aligned in time with the simultaneously measured aortic pressure, with the onset of systolic upstroke used as a reference (23) . Three successive beats were analyzed for the assessment of several arterial and heart-arterial interaction parameters.
Cardiac output was calculated as the product of SV and HR (10) . SVR was calculated as the ratio of mean aortic pressure to mean aortic flow. Total arterial compliance was estimated using three methods: 1) as the ratio of SV to PP (C SV/PP), 2) by the PP method (CPPM) (34) , and 3) by the area method: (17) . The PP method is an iterative method (based on a 2-element windkessel model), where C PPM is modified until the PP that is predicted by the two-element windkessel model (with measured flow as an input) equals the measured PP (25) . The area method uses the area under the diastolic portion of the pressure curve [A t(1) Ϫ t (2) ] between the first maximum after the aortic incisura (t1) and end systole (t2), with P(t1) and P(t2) representing the pressures at these moments (17) . End-systolic pressure (Pes) was taken as the aortic pressure corresponding to the onset of the diastolic interval. Effective arterial elastance was calculated as P es/SV (11) . Furthermore, linear regression analysis on the linear portion of the early systolic pressureflow relation yielded a pressure-flow (P-Q )-based estimate of aortic characteristic impedance [Z 0(P-Q )] (6).
Indexes derived from aortic pressure and cross-sectional area data. Acoustic quantification data were saved as Windows bitmap files and analyzed offline with customized software written in Matlab (Fig. 1) . The bitmaps were calibrated using the time and area information displayed in the image. After selection of a region of interest and binary conversion of the images, the area was automatically extracted from the image and resampled at 200 Hz. These area traces were then aligned with the simultaneously measured corresponding aortic pressure, with the onset of systolic upstroke used as a reference. This procedure was done for the data measured at the ascending and descending aorta. Systolic and diastolic cross-sectional areas (As and Ad) were given by the maximum and minimum aortic cross-sectional area. Compliance coefficient (CC) and distensibility coefficient (DC) were calculated as ⌬A/PP (with ⌬A ϭ As Ϫ Ad) and (⌬A/Ad)/PP, respectively (24) . The ␤ stiffness index was calculated as ln[(Ps/Pd)/(⌬A/Ad)], where ln is the natural logarithm and Ps and Pd represent aortic systolic and diastolic pressure, respectively (8) . Local characteristic impedance [Z0(P-A)] was derived from pressure-area (P-A) data as
Local pulse wave velocity (PWV) was calculated as follows: PWVϭ ͱA d PP/⌬A (19) .
In addition to parameters based on systolic and diastolic dimensions alone, cross-sectional area was plotted as a function of pressure, yielding pressure-area loops. These data were fitted to the arctangent model as derived by Langewouters et al. (15, 16) to describe the mechanical characteristics of (in vitro) thoracic and abdominal aortas
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where P is aortic pressure and Amax, P0, and P1 model parameters following from the curve-fitting procedure: Amax is the maximally attainable cross-sectional area, P0 is the aortic pressure where compliance is maximal, and P1 is a measure of compliance "band width"; i.e., at P0 Ϯ P1, vessel compliance is reduced to 50% of its maximal value at P0, as described by Langewouters et al. (15, 16) . Parameters were derived for the ascending and descending aorta. For each location, at least three successive cardiac cycles were analyzed, and an average value was obtained per patient.
Statistical Analysis
Statistical analysis was achieved using a personal computer-based package (SPSS 10.0, SPSS, Chicago, IL). After assessment of the patients, a statistical power analysis was performed (see Table 3 ) (5). Values are means Ϯ SD. All paired hemodynamic data were compared using repeated-measures ANOVA with post hoc polynomial contrasts and comparison of successive differences. Wilcoxon signed ranks test with Bonferroni's correction was applied to compare the results more closely. Statistical significance was accepted at P Ͻ 0.05.
Linear regression analysis was performed using the Matlab "robustfit" linear regression algorithm, which gives lower weight to points that do not fit well, making the regression line less sensitive to outliers in the data than ordinary least-squares regression.
RESULTS
In total, 19 patients (15 men and 4 women) with a mean age of 62 Ϯ 10 yr entered the study.
Indexes Derived From Aortic Pressure and Flow Data
There was a borderline increase in cardiac output and HR and a nonsignificant trend toward higher SV. All measures of blood pressure decreased significantly after infusion of SNP (Table 1) .
All results indicated a reduction of left ventricular afterload secondary to SNP infusion, as anticipated. SVR and Z 0(P-Q ) decreased as a result of SNP infusion, whereas total arterial compliance (for all 3 methods) increased. Arterial elastance, integrating the effects of HR, SVR, and total arterial compliance, decreased with SNP infusion (Table 2) .
Indexes Derived From Aortic Pressure and Cross-Sectional Area Data
Ascending aorta. There was considerable variability in all indexes derived for the ascending aorta, resulting only in nonsignificant trends toward a reduction in stiffness after SNP administration (Fig. 2) . Changes of DC, CC, ␤ stiffness index, and Z 0(P-A) induced by SNP infusion did not reach statistical significance (Table 3) . Changes in PWV were borderline significant. The Langewouters model could be fitted to 38 of the 57 pressure-area traces (67%). However, model parameters could be assessed at BL, SNP, and WO for only five patients. For these patients, there was no statistically significant difference in A max and P 1 before, during, and after SNP infusion. The only parameter reaching statistical significance was P 0 (P ϭ 0.032), where the difference between SNP and WO was significantly different (Table 3 ). The pressure-area curves, constructed with these mean parameter values, are given in Fig. 3 . SNP infusion shifts the pressure-area curves to the left.
Descending aorta. In contrast to the ascending aorta, DC and CC increased with SNP infusion (Fig. 2) : DC increased 39%, whereas CC increased 26% as a result of SNP infusion. The SNP-induced changes of the ␤ stiffness index did not reach statistical significance. Z 0(P-A) decreased by 18% as a result of SNP infusion and increased again by 25% after WO, and PWV decreased by 15% after SNP infusion and increased again by 25% after WO (BL, SNP, and WO values differ significantly). Pressure-area data could be fit in 44 of 57 datasets (77%), and data were complete for 8 subjects. A max was changed minimally after SNP infusion. P 0 decreased by 35% after infusion of SNP and recovered during WO, and P 1 increased by 100% secondary to SNP infusion. There was a trend toward a lower P 0 (P ϭ 0.06) and a higher P 1 (P ϭ 0.07) during SNP administration. Pressure-area and pressure-compliance traces, calculated with these average model parameters, are given in Fig. 3 . For the ascending aorta, the pressure-area curve is shifted toward lower P 0 values, with a clear widening of the compliance curve (Table 4) .
DISCUSSION
We have demonstrated that the combined use of the various imaging modalities of transesophageal echocardiography and intra-arterial pressure monitoring allows for quantification of most components of arterial load. In particular, the properties of the arterial system can be assessed with significant specificity for the descending aorta. The technique allows assessment of global arterial function parameters (SVR and total arterial compliance) as well as description of local pressurearea curves and derivation of structural and functional parameters quantifying large artery function after application of the arctangent model of arterial function as described by Langewouters et al. (15, 16) .
Large artery function is the result of the organization and architecture of the arterial wall, which is composed of elastic and collagen fibers and smooth muscle cells. Arterial properties depend on arterial pressure in a nonlinear manner (2) . Smooth muscle tone modulates these parameters. This pressure-dependent behavior generally complicates the interpretation of hemodynamic data, inasmuch as arterial function changes may simply be due to variations in arterial pressure. This is certainly the case in this study, where a vasodilator was used to induce hemodynamic changes. The interpretation of arterial compliance data is further complicated by the methoddependent results. We applied three well-known methods to estimate total arterial compliance. As reported in earlier studies, the area method yields significantly higher estimates than the PP method or the ratio of SV to PP, especially in conditions where wave reflections are low (25) : during SNP infusion, C AM is more than three times higher than C PPM and about two times higher than C SV/PP (Table 2 ). In agreement with earlier findings, we found a close correlation between C SV/PP and C PPM (C SV/PP ϭ 0.05 ϩ 1.66C PPM , r 2 ϭ 0.976) (25) . The problems of interpretation of arterial compliance changes (i.e., compliance changes due to structural changes or pressure variations) are overcome with a direct and "continuous" measure (i.e., with properties known over a wide pressure range) of arterial compliance, such as obtained from pressurearea relations. These measurements and derived indexes (CC and DC) are well established for superficial arteries such as the carotid, radial, or femoral artery, where ultrasound techniques are combined with noninvasive pressure recordings (e.g., applanation tonometry) to construct pressure-diameter curves. It has been demonstrated in large population studies that carotid artery stiffness increases with age, in hypertension, and in patients with diabetes. Inasmuch as Ͼ60% of total arterial compliance resides in the proximal aorta, large area stiffness is probably best studied on the aorta (25) .
The interpretation of pressure-area data may be facilitated by fitting the data to a biomechanical model, representing the data with a limited number of parameters. We fitted our measurements to the so-called arctangent model, which describes static and dynamic elastic properties of the human aorta (15, 16) . This model, assessed on in vitro data measured on thoracic and abdominal aortas, has, to the best of our knowledge, not been used previously to study the aorta in vivo. The model could be fit to the data in 67% and 77% of the cases for the ascending and descending aorta, respectively. We could discriminate clearly between the different states utilizing Wilcoxon's signed ranks test with Bonferroni's correction. Overall, the model fitted the data very well, especially for the descending thoracic aorta data. Pressure-area data, constructed with average parameter values, are given in Fig. 3 . Our results indicate that the increase in arterial compliance with SNP is only in part due to blood pressure-lowering effects. SNP shifts the pressure-diameter curve to lower pressures and changes the slope (i.e., the compliance) of the rising limb (Fig. 3) . These effects are most likely due to an attenuation of smooth muscle tone by SNP. This also explains why the effect is predominantly seen at the descending aorta, where the smooth muscle content is higher than at the ascending aorta. After WO, the pressure-diameter curve shifts back to the right, but in our dataset, the slope has not yet fully returned to BL. It is possible that our WO period was too short. Also, the patients in the study are postoperative patients recovering in the ICU. It is expected that overall cardiac function improves with time, so that the condition attained after WO of SNP is probably different from BL.
Variations of elastic properties (DC and CC) with SNP infusion were most pronounced for the descending thoracic aorta. The difference in behavior between the two anatomic sites might be attributed to anatomic differences (smooth muscle cell contents) but also, in part, to the imaging difficulties of the short axis of the ascending aorta. Also, acoustic quantification is notoriously dependent on factors such as the gain of the acquired images, image quality, and plane of visualization. Even small changes can add considerable variability, particularly with respect to aortic area, because the measured changes are small. Certainly the window for visualizing the ascending aorta in the short axis is relatively small because of interference of bronchial structures, and the recent surgical procedure that these patients underwent could also be responsible for aggravating visualization. The cardiac movements in an environment that was recently surgically dissected are certainly more accentuated, making acoustic quantification of the ascending aorta short axis difficult, if not nearly impossible. Another common imaging difficulty was the temporary invasion of the region of interest by the adjacent superior caval vein and pulmonary artery, which made it even more demanding to provide reliable acoustic quantification of the ascending aorta in a short-axis image. These imaging difficulties probably contributed to the uncertainty associated with the ascending aorta data. Although the shape of the fitted pressure-area curve seems acceptable, the slope of the curve is very steep for the ascending aorta, and P 1 , indicating the compliance band width, is too low. The variability for all elasticity indexes is large for the ascending aorta, making the methodology rather unattractive from a statistical perspective. To illustrate this point, we performed a power analysis for DC and CC (Table 5) . Given a pressure drop of 21 mmHg (difference between SNP infusion and WO) and a desired power of 0.8 to demonstrate a statistical difference with P Ͻ 0.05, 64 and 99 patients would be required to show an effect on DC and CC, respectively, for the ascending aorta. From this point of view, the descending aorta performs much better, requiring only 33 and 45 patients for DC and CC, respectively (Table 5) .
Besides the arctangent model, we also fitted an exponential model through the pressure-area data (the exponential factor yielding an alternative stiffness index), but without success. The values for this stiffness index for the descending and ascending aorta varied greatly, yielding inconsistent results. Other authors also encountered major problems in fitting the exponential model to their pressure-area data and concluded that a linear model fitted better to their data (7, 12) . Lacombe et al. (13) , on the other hand, concluded that an exponential model applied better to their data than a linear model. However, also for the arctangent model, the outcome of the fitting procedure is largely determined by the data (pressure-area) range that is available for the fitting. Especially with SNP infusion, pressures are low, and the pressure-area relation takes a sigmoidal shape, which is better described by the arctangent model than by an exponential model. This was also recently described by Pasipoularides et al. (22) , who state in their discussion that, especially in the lower pressure ranges, the pressure-dimension relation of the large arteries is sigmoidal, rather than exponential. Because we performed a blood pressure-lowering infusion of SNP in this study, it is not surprising that the pressure-area relation fitted better to the sigmoidal Langewouters model than to an exponential model. Stefanadis et al. (27) used a polynomial regression line to fit to their pressure-diameter data, which they also call a sigmoidal relation. Because in their former studies they did not record the lower pressure ranges, they could easily fit a simple regression line to their pressure-diameter data. In our study, the patients typically had low blood pressures as a consequence of the sedation and the recent coronary artery bypass grafting, and SNP infusion further lowered blood pressure (30 -33) .
Our data further allowed assessment of the relation between global (e.g., C PPM ) and local arterial compliance information (CC), as illustrated in Fig. 4 . The relation is weak (r ϭ 0.25) and not significant for the ascending aorta, but this may be due to earlier described measuring uncertainties. For the descending aorta, r ϭ 0.43 (P Ͻ 0.001), and the regression line is given as CC desc ϭ 0.0033 ϩ 0.0041C PPM . The difficulties in measuring the ascending aorta elastic properties also contribute to the relatively poor (but significant) relation between Z 0(P-Q ) and Z 0(P-A) data, respectively (r ϭ 0.44, P Ͻ 0.001).
The main goal of our work was to apply the Langewouters model to pressure-area data of the thoracic aorta obtained in vivo, subject to all limitations enforced by this environment. 1) Pressures were measured with a fluid-filled 6-Fr pigtail catheter, causing distortion of the pressure wave and a time delay in the measurement. Obviously, correcting for pressure distortion or using micro-tipped transducers will enhance the accuracy of the measurements.
2) The arterial pressure wave and the area-distension curve were manually aligned, with the rapid rising limb of both signals used as a reference. With respect to this manual intervention, we did not calculate the area enclosed by the pressure-area loop (a measure of viscoelastic damping).
3)
We have no data to directly validate the accuracy of the area measurements. Such validation could consist of intra-arterial diameter measurement 1) as described by Stefanadis et al. (27, 29) using ultrasonic crystals on the aorta or 2) by means of MRI as the gold standard (9, 20) . It is obvious that direct validation is practically impossible in the ICU setting, where we performed our measurements. In addition, we did a comparative study, where absolute values are not relevant.
In conclusion, we have shown that combined pressure and transesophageal ultrasound monitoring applied to the Langewouters model allows for estimating changes in aortic mechanical properties in the ICU setting. It is possible to assess global function parameters as well as directly estimate local mechanical properties of especially the descending aorta via pressurearea relations. Our descending aorta data fitted reasonably well to the arctangent model of Langewouters et al. (15, 16) . Furthermore, we demonstrated the sigmoidal, rather than exponential, nature of the pressure-area relation of the thoracic aorta in vivo. Visualization difficulties aggravate the determination of regional elastic properties of the ascending aorta. SNP lowers afterload via a general pressure reduction and also actively modulates total arterial compliance, probably via attenuation of smooth muscle tone, a phenomenon predominantly seen at the descending thoracic aorta.
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